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Abstract
Plants are exposed to many environmental stresses that affect their growth and
development. These stresses include biotic stresses (organisms) and abiotic stresses
(drought and salinity). Plants respond to these stresses by transcriptional
reprogramming and different signaling pathways. Arabidopsis thaliana had shown
great sensitivity to the biotic stress: Botrytis cinerea, Alternaria brassicicola,
Pseudomonas syringae and the herbivore insect Pieris rapae. The overall goal is to
identify common regulated genes that respond to all these biotic stresses to ultimately
improve plant stress tolerance in Arabidopsis. The specific aims are to: (1) determine
the regulated genes in response to an individual stress of B. cinerea, A. brassicicola,
P. rapa, P. syringae and P. rapa infections, and (2) determine the common up- and
down-regulated genes in response to combination of these biotic stresses in
Arabidopsis. To achieve these objectives, a microarray-based analysis of Arabidopsis
genes in pathogen (biotic) stress response pathways were evaluated for their regulation
to disease and stress responses. It was found that 1554 genes were commonly upregulated and 1206 genes were commonly down-regulated in response to B. cinerea
inoculation, representing 6.83% of the genes were up regulated; while and 5.3% were
down-regulated in Arabidopsis. Data analysis showed that there 318 and 218 genes
are up regulated and down regulated corresponding by B. cinerea and all biotic stress
treatments, respectively. The results of this study will help identifying the up- and
down-regulated defense genes to these stresses and improving crop tolerance to these
stresses. In addition, Arabidopsis expression profiling of defense regulated genes in
response to these stresses will shed light on our understanding on how plants respond
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to multiple stresses under field conditions. Overall, this project enables us introducing
defense genes that make the crops more resistance to different stresses, particularly
B. cinerea and/or other biotic stresses.

Keywords: Arabidopsis, Botrytis cinerea, biotic stresses, differentially expressed
genes, transcriptome.
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)Title and Abstract (in Arabic

التعبير الجيني يحدد الجينات المرتبطة بعدة اجهادات حيوية في نبات االربيدوبسيس
الملخص

تتعرض النباتات للكثير من المؤثرات البيئية التي تؤثر على نموها وتطورها .ومن ضمن هذه
المؤثرات :اإلجهادات الحيوية التي تاتي عن طريق الكائنات الحية؛ واالجهادات الغير حيوية
كاالجفاف والملوحة .تستجيب النباتات لهذه اإلجهادات عن طريق إعادة البرمجة الجينية تجاه
االجهادات الحوية المختلفة .يستجيب نبات األرابيدوبسيس تستجيب لهذه اإلجهادات الحيوية لتحمل
اإلجهاد النباتي ة المتعلقة بالهوامل الممرضة مثل البوترايتس و االلترناريا و سودوموناس و
الحشرات العاشبة .الهدف االجمالي من هذا المشروع البحثي و تحديد الجينات المشتركة لجميع
االجهادات الحيوية من اجل الوصول الى تحسين و مقاومة نبات األرابيدوبسيس .تتمثل أهداف
هذه االطروحة المحددة فيما يلي )1( :تحديد الجينات المستجيبة لكل عدوى على حدى و( )2تحديد
الجينات المشتركة الستجابة لعدوى العوامل الممرضة ولتحقيق هذه األهداف  ،تم تحليل جينات
نبات األرابيدوبسيس في مسارات استجابة العوامل الممرضة (الحيوية) من أجل تنظيمها تجاه
األمراض واإلجهاد .وجد أن  1554جينًا منظما و  1206جينًا خاضعًا لالستجابةً لتلقي
البوترايتس ،وهو ما يمثل  ٪6.83من الجينات المنظمة و  ٪5.3من الجينات الخاضعة في نبات
األرابيدوبسيس .وأههر تحليل البيانات أن هنا  318و  218جينات ّ
منظمة وخاضع تناهريًا ضد
اجاه البوترايتس وجميع االجهادات الحيوية .ان نتائج هذه الدراسة ستساعد في تحديد الجينات
الدفاعية الفعالة و الغير فعالة لهذه اإلجهادات وتحسين تحمل المحاصيل لهذه الضغوط في المستقبل
بشكل عام.

ix

باإلضافة إلى ذلك  ،سوف يساعد هذا البحث على تعريف التعبير الجيني للمنظمات الدفاعية
االستجابية لهذه اإلجهادات .يمكن أن يساعد هذا في إدخال جينات دفاعية تجعل المحاصيل أكثر
مقاومة للضغوط المختلفة.
مفاهيم البحث الرئيسية :بوترايتس سينيريا ،اجهادات حيوية ،اجهادات مشتركة  ،جينات
منظمة ،ترانسكبتوم.
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Chapter 1: Introduction
1.1 Arabidopsis thaliana
Plants are the backbone of life on Earth and are important resource for human,
as they provide several food and non-food products. Understanding plant defense to
pathogens and herbivores is significant in order to protect our food supply and to
achieve disease-resistant plant species. Plants are exposed to many stress factors:
abiotic stresses, such as drought and high salinity; and biotic stresses such as pathogens
and insects, which reduce the production of the cultivated plants or affect the quality
of the harvested products (Rejeb et al., 2014; Sham et al., 2014). One of the first
eukaryotes, Arabidopsis thaliana, has led scientists in plant genetics, molecular
biology and botany from all over the world to consider it as a model plant for research
purposes (Figure 1). Although Arabidopsis is a weed, there are two main reasons to be
a great model plant. First, it is small and grows relatively fast (approximately 6 weeks
from the time the seeds are planted till next generation is harvested) (Nishimura and
Dangl, 2010). Second, Arabidopsis is a convenient model to study its genes. In part, it
has such short genome; a genome is the whole collection of an organism genes. It has
small genome compared to corn, rice and wheat (Initiative, 2000; Rensink, 2004;
Coelho et al., 2007). In order to know how plant’s genes affect traits, it is more
efficient to select a plant that create those traits with very small set of genes.
Conveniently, it is easy and inexpensive to change (mutate) the genes in Arabidopsis
(Weigel and Mott, 2009). In addition, genes can be turned-on or –off, depending on
the stress affecting its gene expression.
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Plants cannot change the surrounding environment; however they may adapt.
The ability to cope with the environment is an inherited trait which is based on genes.
In general, traits pass from parents to offsprings through genes, yet we do not know,
at large, the particular gene(s) associated with a particular trait. Based on previous
researches, scientist have concluded that plants have a set of genes that are activated
under specific environmental conditions, and it is crucial to study the effect of altering
a gene in plants to also understand its response to that environmental change.
Ultimately, we speculate the correlation between gene and the trait it controls
(Rensink, 2004; AbuQamar et al., 2006; Nishimura and Dangl, 2010).

Figure 1: Arabidopsis thaliana - model plant (Source http://www.biologypages.info/A/Arabidopsis.html)
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1.2 Plant defense mechanisms
Understanding plant defense to pathogens and herbivores is important in
order to protect our food supply, to achieve disease-resistant plant species and to
advance general human health. Plants are exposed to many stress factors: abiotic
stresses such as drought, high salinity, and biotic stresses such as pathogens and
insects, which reduce the production of the cultivated plants or affect the quality of
the harvested products (War et al., 2012; Rejeb et al., 2014; Sham et al., 2014).
Depending on their mode of nutrition, pathogens can be divided into three main
categories. Biotrophic pathogens, which obtain their nutrients from living host
tissues, and reduce plant strength through uptaking nutrients for their own
development. Other pathogens show a necrotrophic lifestyle by which they produce
toxins or cell wall degrading enzymes (CWDEs) to kill plant cells and obtain their
nutrition. Such pathogens are able to cause physical damage to plants in order to
penetrate. Though, hemibiotrophic pathogens use a combination of both strategies
(Vargas et al., 2012; Lai and Mengiste, 2013). Compared to animals, plants lack a
specific immune system. Plants have developed stunning arrangements of
structural, chemical and protein-based defenses designed to detect invading
organisms they can protect themselves against pathogen attack by multiple
mechanisms. Researches have demonstrated that plants activate a specific program
of gene expression to specific stresses. The existence of a pest/pathogen can have
the effect of reducing or enhancing susceptibility to an abiotic stress, and vice versa
(Atkinson and Urwin, 2012; Sham et al., 2014; 2015). The plant innate immunity
system composes of two layers of immune responses, pathogen triggered immunity
(PTI) and effector-triggered immunity (ETI). These responses are activated upon

4
recognition of PAMPs such as flagellin (Nishimura and Dangl, 2010). Depending
on the nature of the pathogen, induced resistance responses are mediated by various
phytohormones, including salicylic acid (SA), jasmonic acid (JA), ethylene (ET),
and abscisic acid (ABA) (Sham et al., 2014; Coolen et al., 2016; AbuQamar et al.,
2017) (Figure 2).

Figure 2: Response to environmental stresses in plants(Jafir et al., 2018)
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Plant responses vary to environmental stresses responses which are
associated with the action of the phytohormones e.g. JA-signaling pathway that is
required for resistance against necrotrophic pathogens i.e., B. cinerea (Santino et al.,
2013; Coolen et al., 2016). The transcriptional, cellular and physiological changes
are crucially required for adaptation and survival of plants. When a pathogen attacks
a plant, appropriate plant defense responses occur by transcriptional and metabolic
modifications, activating a network of signaling pathways, which eventually leads
to transcriptional reprogramming that coordinately regulates expression of a large
group of genes (Rejeb et al., 2014). The molecular and cellular mechanisms involved
in plant resistance to necrotrophic fungal pathogen including B. cinerea and their
genetic control are undeniably important. B. cinerea causes severe damages on a
wide range of plant species, and largely infects fruits and other tissues under preand post-harvest conditions, resulting in significant economic losses. Besides,
control of B. cinerea can be achieved with the use of fungicide; however, resistance
of the pathogen to common fungicides is well known (Donmez et al., 2011). JA and
ET are generally involved in defense against pathogens with a necrotrophic lifestyle,
whereas defenses against biotrophs are commonly controlled by SA. ABA is
associated with plant development and abiotic stresses, but its role in modulating
JA-dependent defenses against insect herbivores and SA-dependent defenses against
pathogens is becoming increasingly evident (Fujita et al., 2006; Coolen et al., 2016).
Transcription factors (TFs) are key players in plant innate immunity. Ethylene
response factor (ERF) TFs are mainly responsible for the transcriptional regulation
of several JA/ET-responsive defense genes. Transcriptional activation or repression
by ERFs is achieved through the binding to JA/ET-responsive gene promoters
(Huang et al., 2016). Many studies have demonstrated that JA and ET are key
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regulators of defense responses against necrotrophic infections in Arabidopsis
(AbuQamar et al., 2006; Sham et al., 2014; AbuQamar et al., 2017).
Arabidopsis plants have high susceptibility to multiple biotic stresses
(Atkinson and Urwin, 2012; AbuQamar et al., 2013; Sham et al., 2014).
Approximately one-third of the Arabidopsis genome changes in expression during
the first 48 hours after the infection with B. cinerea, while around 4000 genes are
expressed by P. syringae (Zhang et al., 2016). Changes in gene expression is a key
event that help plants to induce tolerance to one or more stress(es) (Swindell, 2006;
Rejeb et al., 2014). Biotrophic pathogens usually triggers immunity in host plants by
gene-for-gene resistance through which a specific effector molecules trigger an R
gene response in the host causing the host to undergo with programmed cell death
as part of the hypersensitive response, by which it limits the pathogen growth. On
the other hand, necrotrophic pathogens feed off of cell death in the host; thus
triggering immunity would not be an ineffective strategy.
Necrotrophs induce pathogen-associated molecular pattern triggered
immunity PTI, that involve induction of JA- and ET–dependent pathways that
activate a different set of defense responses (Eckardt, 2011). For instance, the
activity of the Botrytis susceptible 1 (BOS1) gene is activated by both ABA and JA,
and induces resistance against necrotrophic pathogens (Mengiste et al., 2003).
WRKY gene overexpression affect the ability of defense intermediated by SA and JA
pathways; for example, AtWRKY4 enhanced resistance to necrotrophic fungi and
played a negative role on plant resistance to biotrophic pathogens (Jiang et al., 2016;
Sham et al., 2017). In general, WRKY family members show altered expression in
various tissues and organs as well as in response to a wide range of pathogens,
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pathogen mimicking stimuli and abiotic stresses (Ülker et al., 2007). This suggests
a role of WRKY factors both in plant defense and plant developmental programs.
Expansin-like A (EXLA) genes play an important role in plant morphology
and growth, tolerance to abiotic stresses especially necrotrophs including B. cinerea
(AbuQamar et al., 2013) It was demonstrated that mutations in EXLA2 enhance
disease resistance to B. cinerea and A. brassicicola. In this study, our objective is to
identify common regulated genes that respond to B. cinerea and major biotic stresses
to ultimately improve plant stress tolerance in A. thaliana. Results indicate that plant
responses are mediated by common regulating genes to these biotic stresses.
Previous studies have shown that publicly available microarray data, transcriptional
levels and gene expression profiles during plant response to B. cinerea and other
abiotic stresses have focused on an individual stress. This study identified the
similarities and differences of plant response to various biotic stresses in Arabidopsis
based on microarray transcriptional data analysis.
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1.3 Hypothesis and objectives
In this study, my hypothesis is that there are common regulated genes in
response to B. cinerea and major biotic stresses in Arabidopsis (Figure 3). My overall
aim is to identify common regulated genes that respond to B. cinerea and major biotic
stresses to ultimately improve plant stress tolerance in Arabidopsis. Accordingly, the
specific aims of this research were to: (1) determine Arabidopsis regulated genes in
response to B. cinerea, A. brassicicola , P. rapae and P. syringae pv tomato (DC3000
& avrRpm1); and (2) determine common up- and down-regulated genes in response B.
cinerea, A. brassicicola, P. rapae and P. syringae pv. tomato in Arabidopsis.

a

b

c

d

Figure 3: Pathogens used in the study; (a) B. cinerea, (b) A. brassicicola (c) P. rapae
(d) P. syringae
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Chapter 2: Methods
2.1 Plants material and growth conditions
For microarray analysis, data from an original study on Arabidopsis plants
(ecotype Col-0) treated with B. cinerea and other biotic stresses; A. brassicicola,
chewing insect (P. rapae), and P. syringae pv. tomato (DC3000 & avrRpm1) were
analyzed . In that study, the experimental conditions were conducted as follows: Fiveweek old Arabidopsis plants were inoculated by placing four 5 μl drops of a 5 x 105
spore mL-1 solution on each leaf. Control leaves were spotted with droplets of
24 g L-1 potato dextrose broth medium (Lab M Limitied, Lancashire, United
Kingdom). Responses to B. cinerea, A. brassicicola, P. rapae, P. syringae pv tomato
DC3000 and avrRpm1 infections were assayed at 18 and 24 hours post inoculation
(hpi) of adult leaves. To establish disease, plants were kept under a sealed transparent
cover to maintain high humidity in a growth chamber under the following conditions:
21°C day/18°C night temperature, 12-h light/12-h dark photoperiod.
For the qRT-PCR experiment, Arabidopsis plants ecotype Col-0 (five weeks
old) were spray-inoculated by B. cinerea spore suspension (5 x 105 spore mL-1)
solution on whole plants. Responses to B. cinerea infection were assayed at 24 hpi.
Plants were kept under a sealed transparent cover in a growth chamber (21°C day/18°C
night temperature, 8-h light/16-h dark photoperiod).
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2.2 Analysis of microarray data
Raw

microarray

datasets

were

downloaded

from

NASCArrays

(ftp://uiftparabid.nottingham.ac.uk/NASCarrays/By_Experiment_ID/) for each stress.
Data of “shoots” were analyzed using Affymetrix Expression Console, which uses
RMA Expression values and MAS5 for detection all packages for data normalization.
Using Affymetrix Expression Console, the chip files (*.CEL and *.CHP) were
converted to their corresponding probe sets with their signal intensity and detection
calls as Present (P), Absent (A) and Marginal (M). The reference numbers for the
microarray datasets are: Control (for all biotic stresses), NASCArrays-137; B. cinerea,
NASCArrays-330; A. brassicicola and P. rapae, NASCArrays-330; and P. syringae
pv. tomato DC3000, NASCARRAY-120; and Pst avrRpm1, NASCArrays-167. The
log2-transformed expression level data were used to generate scatter plots to detect the
effect of B. cinerea infection at 18 hours post-inoculation (hpi). Comparisons of three
replicates for each set of experiment were performed. In all samples, probes with
expression labelled as ‘A’ or ‘M’ across all samples were removed from the dataset.
At the tested time point, the overall gene expression difference between control (nontreated/non-inoculated) and treated/inoculated samples was determined by pairwise
comparison. The normalized-fold change value for each gene was calculated by
dividing the expression level of a treated/inoculated sample by the expression level of
a non-treated/non-inoculated sample.
A range of fold change between 0.5-2 difference in expression level between
treated/inoculated and non-treated/non-inoculated samples at P < 0.05 was set as the
threshold for considering a gene to be up- or down-regulated, respectively. All genes
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across the microarrays data were identified using The Arabidopsis Information
Resources (TAIR; www.arabidopsis.org), (Sham et al., 2014).
2.3 Heatmap data analysis
The HeatMap for the top 50 differentially regulated genes (DEGs) across B.
cinerea and the other biotic stresses: A. brassicicola , P. rapae and P. syringae pv.
tomato (DC3000 and avrRpm1) was generated using Morpheus software
(https://software.broadinstitute.org/morpheus/). Genes which are absent were colored
as gray and the ones which are expressed were ranged from red to green based on the
down- and up–regulation, respectively. The fold change of the genes were expressed
from -4 to 4.
2.4 RNA extraction and expression analysis
Steps for tissue lysate preparation from plant and total RNA purification of
lysate were followed from Norgen’s RNA/DNA Purification Kit. RNA procedure
provided by the manufacturer (https://norgenbiotek.com/product/rnadna-purificationkit#protocolanchor) was followed. Plant leaf tissues (100 mg) were transferred into a
mortar that contains liquid nitrogen. The sample was grinded into a fine powder
using a pestle in liquid nitrogen. Then, 300-L of Buffer SKP was added to the tissue
sample and grinding was continued until the sample has been homogenized.
For RNA binding to the column, 600 L of the lysate with the ethanol was
applied onto the column and centrifuge at 3,500 x g for 2 min. Wash Solution A (400
L) was applied to the column and centrifuged at 3,500 x g for 1 min. Then the
column was wash by adding 400 L of Wash Solution A and centrifuged at 3,500 x g
for 1 min. The column was spinned at 14,000 x g for 2 min. RNA was eluted in 50
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L of Elution Solution A. Total RNA was stored in the -80°C freezer to be used for
quantitative real time PCR.
2.5 Real-time quantitative PCR (RT-qPCR)
qRT-PCR was performed using the GoTaq 1-Step RT-qPCR System kit and
protocol from the Promega following instructions provided by company. The qRTPCR was performed using gene-specific primers. Arabidopsis Actin2 (AtActin2) as the
endogenous reference for normalization. Expression levels were calculated by the
comparative cycle threshold method, and normalization to the control was performed
as described previously. Three technical replicates of the qRT-PCR assay were used
for each sample with a minimum of two biological replicates. Primer sequences are
shown in Table 1.
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Table 1: List of primer sequences used for qRT-PCR experiment (5’- -3’).

Gene
AtActin2
CCR2
KIN2
αDOX1
AT1G56300
AT3G44860
AT3G51660
JAZ1
DIR1-LIKE
AT1G65490
BHLH
NATA1
HAD

LP
GTCGTACAACCGGTATTGTGCTG
CACGTAAACCGACTCTAAACCTAGAAA
CCCACATATCTTCTCAATCCATCAC
GATTAGAAGCGGATAGGTTTTTCAC
AAAAACCATTCCCTCTCTCAACTCT
CTAGACTGTATTTCGCAAGTGGAGTA
GAGATAGTATTTGGAGGGAACAAAG
CGAGTTCTATGGAATGTTCTGAGTT
CTGACTACACTTGTCTTTGTGGCTA
CATCAGTATTTGCTTCTTCCAAGTG
AACTTCTATAAGTCCGGTGGTCTATG
GTGAATGCTATCAACTTCTATGAGC
GTAGGAGATGACCGTAGGAATGATGTA

RP
CCTCTCTCTGTAAGGATCTTCATGAG
AGATGTGTAGAACGATGTAGACGAAGT
GCATTCTTGTTGGTCTCTGACATTT
CATCCTTGAGACTCTCTGTAGTATTCA
GAAGTGTTTCTCTGTTCTCAGACGTTA
CGAAATGGAGTGAGTAAGAAGAAACTC
GTCGCTATGAGTTCTCTCTTAACTTGT
TTAGATACTGACTCAATCGACTACACG
TAGGTCACACTCTTTAGGGAGACTAGA
GTACTATGGAGATTGATCAGAAACAGG
TTGGTAAAAGACGTTCCTACTTCTG
AGCTTGTCAATAGCTTGAAGTGCAT
GAGCAACCTGTTTAAATGACGTAAC

2.6. Statistical analysis
Three technical replicates of the qRT-PCR assay were used for each sample,
with a minimum of three biological replicates. Results were expressed as means ±
standard deviation (SD). A Student’s t-test for the values was performed at P < 0.05.
Mean values followed by an asterisk are significantly different from the
corresponding control (P < 0.05).
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Chapter 3: Results
3.1 Differential gene expression in response to biotic stresses
In order to identify common regulated genes in response to B. cinerea, and
biotic stress, a full microarray-based analysis of Arabidopsis whole-genome
Affymetrix gene chip (ATH1) representing approximately 22,000 raw reads was
generated from NASC. The number and percentage of the up- and down-regulated
genes in response to B. cinerea and other biotic stresses; A. brassicicola, P. rapae and
P. syringae pv. tomato (DC3000 and avrRpm1) were identified (Table 2).
Differentially expressed genes (DEGs) were identified by comparing the expression
profile of the control and treated tissues in Arabidopsis wild-type plants. Using
microarray data analysis, it was found that 1554 genes were commonly up-regulated
and 1206 genes were commonly down-regulated in response to B. cinerea inoculation,
representing 6.83% of the genes were up regulated; while and 5.3% were downregulated. In response to Pst DC3000, Arabidopsis plants showed the highest
percentage of up- and down-regulate genes.
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Table 2: Number and percentage of up- and down-regulated genes in Arabidopsis
seedlings exposed to the individual biotic stress: B. cinerea, A. brassicicola, P. rapae
and P. syringae pv tomato (DC3000 & avrRpm1).

Stresses

Up

% Up

Down

B. cinerea

% Down

1554

6.8%

1206

5.3%

A. brassicicola

933

4.1%

969

4.3%

P. rapae

1386

6.1%

996

4.4%

Pst DC3000

2422

10.7%

2270

10%

Pst avrRpm1

1989

8.7%

2085

9.2%

Table 3: Common up- and down-regulated genes in Arabidopsis seedlings exposed
to B. cinerea and the other biotic stresses: A. brassicicola, P. rapae and P. syringae
pv tomato (DC3000 and avrRpm1).
Stresses

Common
%
Common
%
upcommon
downcommon
regulated
upregulated
upgenes
regulated
genes
regulated
genes
genes

A. brassicicola

635

40.86%

491

40.71%

P. rapae

761

48.97%

548

45.44%

Pst DC3000

1095

70.46%

751

62.27%

Pst avrRpm1

1047

67.37%

637

52.82%

All biotic stresses

318

20%

218

18%
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In general, 933, 1386, 2422 and 1989 genes were up-regulated, and 969, 996,
2270 and 2085 were down-regulated in response to A. brassicicola, P. rapae and P.
syringae pv. tomato (DC3000 and avrRpm1) respectively (Table 2). Data analysis
showed that there 318 and 218 genes are up regulated and down regulated
corresponding by B. cinerea and all biotic stress treatments, respectively (Table 3).
For better comparisons of gene expression and data analysis exploratory 2D
scatter plots were modeled. The Log expression values of data from of DEGs in
Arabidopsis in response to B. cinerea and other biotic stresses. Constructed Scatter
plots display values of control (Col-0) expression are plotted along the X-axis are at 0
hpi (Figure 4 a–e). To attain the second aim ofthis study, normalized expression values
for each probe set in wild-type plants infected with B. cinerea and other biotic stresses
were determined. From 1554 up-regulated identified genes in response to B. cinerea,
635, 761, 1095 and 1047 in A. brassicicola, P. rapae and P. syringae pv tomato
(DC3000 and avrRpm1), respectively, were also commonly induced in Arabidopsis.
Of the 1206 B. cinerea down-regulated genes, 491, 548, 751 and 637 were downregulated in response to the other biotic stress A. brassicicola, P. rapae and P. syringae
pv tomato (DC3000 and avrRpm1), respectively (Table 3).
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Figure 4: Scatter plots comparison of gene expressions profiles. The diagonal lines
defines 2-fold changes. Both axes are logarithmic. The normalized expression value
for each probes set in wild-type at 0 hpi (Colombia-0) plants plotted on the x- axis
infected with biotic stresses (a) B. cinerea at 18 hpi, (b) A. brassicicola (c) P. rapae
(d) Pst DC3000 (e) Pst AvrRpm1 at 24 hpi plotted on the y- axis. Points above the red
line threshold signifying genes that are up-regulated by at least 2-fold change, and
those that are below the line are genes that are down-regulated.
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Figure 5: Differentially expressed genes (DEGs) in response to B. cinerea treatments
and other biotic stress; (a) A. brassicicola (b) P. rapae (c) Pst DC3000 (d) Pst
AvrRpm1
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3.2 GO enrichment of DEGs for the host and pathogen
Gene ontology (GO) was performed to classify the functions of both up- and
down-regulated genes of B. cinerea combined with the other biotic stress A.
brassicicola, P. rapae and P. syringae pv tomato (DC3000 and avrRpm1). In
Arabidopsis, up- and down-regulated genes, were assigned into the following
categories: biological process, molecular function and cellular component. The
majority of the up-regulated genes participated in biological processes, playing a role
in response to biotic and abiotic stimuli, followed by signal transductions and
transports (Figure 6a). The endoplamic reticulum (ER), plasma membrane (PM) and
plastid-related genes were engaged in cellular components clusters. Out of total 218
down-regulated genes, genes associated with structural- activities played a dominant
role in molecular function (Figure 6b). Electron transport or energy pathways in
cellular component and biological process were among the top hits. Interestingly,
chloroplast is a structural component that perform a particular function at the cellular
level.
3.3 Comparative analysis of differentially expressed genes
Figure 7a presents an overlapping of 2400 genes from Pst DC3000 showed upregulations with ≥10 fold changes, followed by Pst AvrRpm1 with more than 1800 upregulated gene showing ≥10 fold change, 1800 were 5-10 fold. More than 2100 down
regulated genes with ≥10 fold changes for Pst DC3000. Arabidopsis plants infected
with Pst AvrRpm1, showed about 2100 down-regulated genes in its genome,
representing 5-10 fold change (Figure 7b).
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Figure 6: Statistical analysis of GO displaying functional classes of biotic stress
regulated genes. (a) up regulated genes, (b) down regulated genes of B. cinerea and
other biotic stress A. brassicicola, P. rapae and P. syringae pv tomato (DC3000 &
avrRpm1).The result of GO is classified in three category: biological process,
molecular function, cellular components.
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Figure 7: Comparisons of number of DEGs (a) upregulated genes, and (b) down
regulated genes in Arabidopsis in response to B. cinere and other biotic stress; A.
brassicicola, P. rapae, Pst DC3000 and Pst AvrRpm1. Treatment of the tested abiotic
stress is plotted on the Y-axis; the number of differentially expressed genes (DEGs)
are plotted on the X-axis. Columns with different colors displaying the fold change of
corresponding differentially expressed genes.
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Venn diagram featuring treated Arabidopsis showing 150, 137, 323, 632 and
182 unique genes in B. cinerea, A. brassicicola, P. rapae, Pst DC3000 and Pst
AvrRpm1, respectively. Consequently, B. cinerea shared the largest number of
common up regulated genes with P. rapae with 62 common genes. Interestingly, both
Pst DC3000 and Pst AvrRpm1 share the same number of genes commonly upregulated in B. cinerea-infected plants with 45 genes. A. brassicicola shared 57
common up regulated genes only with B. cinerea (Figure 8a). In total of 218 downregulated genes, it was found 223, 278, 168, 607 and 291 unique genes in B. cinerea,
A. brassicicola, P. rapae, Pst DC3000 and Pst AvrRpm1 respectively. Pst AvrRpm1
shares highest number of down regulated genes with B. cinerea compared to other
biotic stress by 181 genes. Arabidopsis plants inoculated with P. rapae were
considered the second highest number of shared down-regulated genes with 55 genes
(Figure 8b).
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3.4 Common gene expression between B. cinerea and biotic stresses

Figure 8: Venn diagram analysis of differentially expressed genes in B. cinerea and
the different biotic treatments; A. brassicicola, P. rapae, Pst DC3000 and Pst
AvrRpm1. (a) Common up regulated genes (b) Common down regulated genes
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3.5 Representation of gene expression profile of B. cinerea and biotic stresses
The heatmap of the expression patterns of the top 50 up- and down-regulated
genes in response to B. cinerea was shown (Figure 9). The greater red color intensity
indicates an up–regulated of that particular gene; whereas and down-regulated genes
were represented by green color. Black color indicates shared genes between B.
cinerea and other biotic stress. Log4 was used for calculating the top 50 up and down
regulated genes in response to B. cinerea fold change.
3.6 Gene expression validation by qRT PCR
To validate the resulted genes from the microarray analysis, qRT PCR was
carried out in triplicates. Analyses showed KIN2, RBCX1, At1g56300, At3g44860,
At3g51660, JAZ1, At1g56490, bHLH, NATA1 genes are up-regulated; whereas CCR2,
RBCX1, DIR1-LIKE and HAD are down-regulated (Figure 10). RBCX1 is down
regulated by 16 fold changes; while CCR2 was about 2 fold down–regulated, in
response to B. cinerea.
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Figure 9: Heatmap of the top 50 DEGs in response to B. cinerea and other biotic
stresses; A. brassicicola, P. rapae, Pst DC3000 and Pst AvrRpm1

26

Figure 10: Gene expression of genes in response to B. cinerea using qRT-PCR. Data
are represented as means of fold changes ± SD
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Chapter 4: Discussion
Plants are constantly under attack through facing environmental threats such
as fungi, bacteria and herbivores. Environmental stresses may cause serious losses,
reach to more than 50% yield loss (Legard et al., 2005; Cordova et al., 2017). Over the
years, plants have evolved with intricate mechanisms to cope with multiple
environmental stresses. To adapt with biotic and abiotic stresses, planta responses
involve changes at the cellular and molecular levels. Biotic and abiotic stresses often
occur suddenly and/or simultaneously. Immediate plant responses are therefore critical
to ensure plant survival. A fundamental strategy for plants to adapt to environmental
challenges imposed by biotic and abiotic threats is the modulation of gene expression.
At the cellular level, extensive transcriptional and biochemical changes occur to
promote adaptation to short- as well as long-term environmental changes. Thus,
research investigating plant responses to diseases and variable biotic are essential for
better plants/crops future (Grennan, 2006; Nishimura and Dangl, 2010; War et al.,
2012; Vargas et al., 2012; Lai and Mengiste, 2013; Zhang et al., 2013; Sham et al.,
2014; 2015; Rejeb et al., 2014; AbuQamar et al., 2017).
Microarray technology has been applied to the identification of stressresponsive genes in Arabidopsis (Seki et al., 2001; Kawaguchi et al., 2004; Swindell,
2006; Ma and Bohnert, 2007). This study reported transcriptional profiling of
Arabidopsis after exposure to different biotic stresses based on publicly available
microarray data. Arabidopsis response to B. cinerea and other biotic stresses;
A.brassicicola , P. rapae and P. syringae pv tomato (DC3000 and avrRpm1) were
investigated. The aim was to analyze the associated genes in multiple transcript profiles
in Arabidopsis responding to these stresses. The transcriptome data of shoot tissues after
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treatments with B. cinerea and other biotic stresses at specific time were analyzed in
Arabidopsis. Previous studies reporting gene expression profiles focused on individual
treatments.
About 1554 genes (6.83% of the transcriptome) were found to be up-regulated
and 1206 genes (5.30%) were down-regulated at 18 hpi after infection with B. cinerea
( Table 2). Sham et al., (2014) have reported similar number of DEGs in response to
B. cinerea. The time point used in this analysis to measure transcript levels of regulated
genes in response to B. cinerea was 18 hpimatches with the time point fo other reports
(Simon et al., 2013; Sham et al., 2014, 2015; Guo et al., 2016; Sham et al., 2017).
Plants can be often exposed to biotic stresses, which can occur simultaneously
or sequentially. The expression profiles induced by the single stresses; B. cinerea, A.
brassicicola P. rapae and P. syringae pv tomato (DC3000 and avrRpm1) are
undoubtedly different in timing and numbers of induced and repressed genes.
Clustering of the profiles of all DEGs from the five individual stress responses shows
that, in general, there are common DEGs genes from the different stresses are
overrepresented in response to B. cinerea (Table 3). Birkenbihl et al. (2012) have
identified early transcriptional responses mediated by WRKY33 in Arabidopsis, found
out the expression of 2,387 genes in plants treated with B. cinerea, 1,369 up-regulated
and 1,018 down-regulated. In addition, Kong et al. (2015) have carried investigation
using RNAseq conducting a total of 1,735 DEGs: 980 DEGs were up-regulated and
755 were down-regulated within the cucumber genome in response to B. cinerea
infection. Considerable number of transcriptional profiling studies have identified
Arabidopsis transcripts altered in the host following B. cinerea infection (AbuQamar
et al., 2006; Mathys et al., 2012; Windram et al., 2012; AbuQamar et al., 2016). Plant
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species, growth conditions and infection protocols may also play a role in the
discrepancies between results.
Arabidopsis plants infected with both strains virulent and avirulent of P.
syringae showed 45 up-regulated genes in common with B. cinerea; thus phosphateresponsive genes were commonly regulated (Figure 8). Peck, 2003 have investigated
the role of phosphorylation in activating kinases during the defense response following
microbial elicitation. This suggests that majority of up-regulated genes clustered in
response to biotic and abiotic stimulus. Huang et al. (2011) demonstrated that protein
phosphorylation plays important role in genetic and cellular regulations in plant
response to different abiotic and biotic stresses.
Plasma membrane-related genes were associated with cellular components
clusters (Figure 3); which in turn reactive oxygen species (ROS) are generated in plant
tissues as a consequence of a stress (Bailey-Serres, 2006). ROS production is
associated with diverse biotic and abiotic stimuli. Response to pathogens underlies a
complex reprogramming of plant metabolism, which represents an unnecessary use of
cell resources in the absence of pathogen challenge. Plants, although intrinsically
inferior to constitutive defenses, have evolved inducible mechanisms. In this context,
protein phosphorylation is a crucial event for regulation of many processes essential
for plant biochemistry and physiology (Govrin et al., 2006; Huang et al., 2011). Rising
evidence indicates that this post-translational modification plays important part at
different stages of plant response to pathogens, such as signal transduction events.
ROS can lead to host cell death and facilitate necrotrophic colonization.
In addition, it can cause cell wall modification, which is recognized as an
essential component of the plant defense response, and effectively blocks early
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development of B. cinerea (AbuQamar et al., 2016; Pietrowska et al., 2015; Kong et
al., 2015). ROS formatting observed in cucumber during B. cinerea attack. Using
RNA-seq., 19 cucumber DEGs were upregulated in the peroxisome pathway and
played an important role in cucumber defense against B. cinerea (Kong et al., 2015).
A study conducted by Rossi and coauthors (2017), they have investigated the
role of chloroplastic ROS in plant defense against the necrotrophic fungus, B. cinerea;
using transgenic tobacco (Nicotiana tabacum) lines. It was found that ROS build-up
triggered by B. cinerea infection and associated with chloroplasts was significantly
decreased. This indicates that chloroplast-generated ROS plays a major role in lesion
development during B. cinerea infections, which provides a significant degree of
protection against a necrotrophic fungus. One should keep in mind that as a necrotroph,
B. cinerea diffuse multiple strategies to promote host cell death (Fitzgerald et al., 2004;
van Kan, 2006).
Although the role played by ROS in the deployment of the HR is welldocumented, the prorated contribution of the various cell sources (apoplast,
mitochondria, chloroplasts and peroxisomes) is not completely clear. Several studies
reported that significant ROS production after pathogen recognition occurs in the
apoplast through the action of NADPH oxidases, cell wall peroxidases and amine oxidases (Yoda et al., 2009; Angelini et al., 2010), but much less is known about the
contribution of other organelles, especially plastids (Delprato et al., 2015; Rossi et al.,
2017). Liu et al. (2007) have demonstrated that chloroplasts generate ROS which
contribute to a hypersensitive-like cell death process mediated by a mitogen-activated
protein kinase cascade. Figure 6b shows down regulation in cellular component genes
related to chloroplast and plastid, considering they often contain pigments used in
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photosynthesis. Plants infected with B. cinerea showed symptoms of gray mold
disease, can be attributed to the enzymatic changes in planta (Rossi et al., 2017).
The qRT-PCR analysis was carried out to compare and validate the expression
of the regulated genes coming from the microarray analysis. RBCX1 gene is one of the
common genes in response to B. cinerea and other biotic stresses. It is involved in
RuBisCO assembly process. RBCX1 was significantly repressed by B. cinerea (Figure
10). Kolesiński et al. (2011) assayed by qRT-PCR, the differences between both levels
of AtRbcX1 and AtRbcX2 transcripts in Arabidopsis under various stress conditions
such as oxidative, salt, desiccation, and heat shock, high light or cold stresses.
Kolesinski et al., 2013 have also reported that AtRbcX1 gene expression is strongly
dependent on environmental conditions. Salt stress, drought and cold stress caused
significant 6–12-fold increase in AtRbcX1 transcript level, whereas oxidative stress
resulted in twofold decrease in the level of this transcript, suggesting that AtRbcX1
protein plays a compensating role in the assembly of Rubisco (or/and other protein
complexes, e.g. chloroplast ATP synthase). This indicates that the transcription of
AtRbcX1 is directly and indirectly influenced by Rubisco biosynthesis.
Expression of BHLH and JAZ1 has been reported from different sources. Upto-date, the regulation of the two genes were differentially expressed in response to
different conditions. This suggests that the individual JAZ protein can be involved in
multiple signaling pathways and actions, and that probably resulted from the combined
activity of several JAZ proteins and other transcriptional regulators (Grunewald et al.,
2009). Mutants in several JAZ genes have been examined but, to date, JA-related
phenotypes have been reported only for jaz1 and jaz10 mutants. JA signaling is
manipulated by several strains of the bacterial pathogen P. syringae pv. tomato
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(DC3000(, using the virulence factor coronatine (COR) as a mimic of jasmonyl-Lisoleucine (JA-Ile) (Chini et al., 2007; Thines et al., 2007; Grunewald et al., 2009).
Coronatine (COR) is a toxin produced by the bacterium P. syringae. It is involved in
causing stomata to re-open after they close in response to pathogen-associated
molecular patterns, as well as interfering with the responses mediated by SA after the
infection (Schulze-Lefert and Robatzek, 2006). Demianski et al. (2012) have
investigated the regulation of JAZ genes during P. Pst DC3000 pathogenesis and found
that 8 (of the 12) JAZ genes were induced after infection and that this induction is
dependent on COR. Demianski and coauthors reported transcriptome analysis of
Arabidopsis at 24 hpi with Pst DC3000. The results revealed that a subset of JAZ
genes, JAZ2, JAZ5, JAZ6, JAZ7, JAZ9 and JAZ10, are induced by Pst DC3000. In a
time-course experiment using qRT–PCR analysis certainly showed an early induction
of JAZ1 (Grunewald et al., 2009).
Anthocyanin accumulation is recognized as detectable biomarker of plants
under environmental stresses. The anthocyanin pigment pathway is regulated by a suite
of transcription factors that include MYB, bHLH and WD40 subunits. The bHLH
proteins play role in activating the expression of anthocyanin specific genes (Gonzalez
et al., 2008; Albert et al., 2014; Xie et al., 2016). The novel data analysis provided in
this study investigated the DEGs in response to B. cinerea in common with other biotic
stresses.
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Chapter 5: Conclusion
How plants selectively adapt their response to this complexity of stresses is
largely unknown. In this study, we aimed to gain insight into how plants respond to a
biotic stresses, using different biological stress factors. Our ultimate goal was to
identify common regulated genes in response to B. cinerea and other biotic stresses
(A. brassicicola, P. rapae and P. syringae pv. tomato) ultimately to improve plant
stress tolerance in Arabidopsis. By analyzing the dynamics of the Arabidopsis
transcriptome, we identified a number of potential defense-related genes that
coordinate regulatory pathways in mediating resistance to B. cinerea. In this study, a
potential to improve crop resistance by introducing the DEGs into other crops (i.e.
Solanacea family) generating resistant crops to B. cinerea. The comparison of the
expression profiling of the DEGs in response to the B. cinerea may help
biotechnologist in developing transgenic crops which can be resistant to that pathogen.
It is recommended that future research must be done to investigate specific molecular
functions of common regulated genes of transgenic lines post B. cinerea infection. In
addition, further studies are needed to elucidate in detail the function and mechanism
of hormones during B. cinerea and other pathogens infections. The novelty of this
research is that some the identified genes such as CCR2 and KIN2 can be considered
as marker genes in Arabidopsis in response to B. cinerea and/or other stresses.
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